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I. INTRODUCTION
The YAlO 3 ͑YAP͒ crystal is a widely used host for lasers, scintillators, and optical recording media and it comprises the substrate material for thin films of high-temperature superconductors. The YAP crystal crystallizes in the orthorhombically distorted perovskite structure, belonging to the D 2h 16 ͑Pnma or No. 62͒ symmetry space group, and details can be found in Refs. 1 ligands with Y-O distances ranging from 0.2306 to 0.3010 nm. Detailed experimental investigations of absorption and reflection spectra of the pure compound in the energy range 6.5-42 eV have been presented in Refs. 3-5. Luminescence excitation spectra of intrinsic emissions of pure YAP at liquid helium temperature have been also investigated in the vacuum ultraviolet ͑VUV͒. According to the literature the band-gap energy of YAP is 8.8 eV, the maximum of the excitonic absorption is at 8.0 eV, and the onset of intrinsic absorption can be located at 7.6-7.7 eV. 6 The energy band structure of YAP has been calculated recently by Bercha et al. 7 The infrared and Raman spectra of YAlO 3 ͑Ref. 8͒ and NdAlO 3 ͑Ref. 9͒ have been reported.
The 4f-4f intraconfigurational spectra of Nd 3+ and Er 3+ in YAlO 3 have received considerable attention. The detailed scheme of the energy levels of these ions in YAlO 3 is depicted in Fig. 1 . Antonov et al. 10 deduced the complete set of levels for Er 3+ up to 4 G 11/2 ͑ϳ26 500 cm −1 ͒ from the 77 K optical spectra. Donlan and Santiago 11 subsequently extended these studies and deduced 104 energy levels from emission and absorption spectra at 4.2 K. The energy levels have been tabulated by Kaminskii 12 and Morrison and Leavitt. 13 The major interest in YAlO 3 :Er 3+ has resulted from its laser action. At room temperature, laser action has been observed at 550, 14, 15 851, 16 1.66 m ͑Refs. 17-19͒ ͑from 4 S 3/2 ͒, and 2.7-2.9 m ͑Refs. 20-22͒ ͑from 4 I 11/2 ͒. The population dynamics and decay properties relevant to these laser levels have been investigated. 23, 24 The luminescence from the higher multiplet term 2 P 3/2 is concentration quenched. 25 Indeed, such cross-relaxation processes are ubiquitous for Er 3+ in YAlO 3 and are effective in upconversion 26, 27 in addition to excited state absorption 28 and photon avalanche 29 processes. Pumping at 1500 nm can provide green and red emission bands. 30 In fact, the first upconversion laser emission reported was from YAlO 3 :Er 3+ , which was produced by pumping between 785 and 840 nm giving emission at 550 nm. 31, 32 The infrared and red upconversions are a continuing focus of research. 33, 34 It is clear that previous emphasis in experimental investigations has been placed upon the structure of lower energy levels of 37 and by Rasuleva and Solomonov. 38 The luminescence from higher energy levels of Nd 3+ in YAlO 3 was studied by pump-ing with intense 808 nm diode radiation so that up to fourphoton upconversion was achieved. 39 The Nd 3+ 4f 2 5d levels were probed by excited state absorption from 4 F 3/2 . 40 Laser action has been reported at several wavelengths near 1.1 m for YAlO 3 :Nd 3+ . 41 Several previous studies have comprised crystal field analyses upon energy level datasets of ions doped into YAlO 3 and Karayianis et al. were the first to present crystal field parameters for the series. 42 Subsequently, Deb presented multiplet-multiplet line strengths for some luminescence transitions of Er 3+ and Nd 3+ in this host 43 and Rukmini et al. 44 compared the free-ion parameters from the fitting of multiplet barycenters with those for lanthanide ions in other host lattices. Rukmini et al. also performed a correlation crystal field fit of the YAlO 3 :Nd 3+ dataset. 45 The present work extends the previous spectral investigations of the Nd 3+ and Er 3+ ions doped into YAlO 3 into the VUV. The synchrotron radiation excited emission and excitation spectra are presented and interpreted. Then, detailed crystal field calculations are carried out for the resulting energy level datasets of the two systems.
II. EXPERIMENTAL DETAILS
The crystals of YAlO 3 with nominal dopant ion concentration of Nd 3+ or Er 3+ of 1 at. % were kindly donated by Krupa.
Emission ͑200-1000 nm͒ and excitation ͑50-300 nm͒ spectra were measured at the SUPERLUMI station 46 of HASYLAB at DESY ͑Hamburg͒ using synchrotron radiation from the DORIS storage ring. Emission spectra were recorded with a 0.3 m Czerny-Turner-type imaging monochromator-spectrograph SpectraPro-308i ͑Acton Research Corporation͒ equipped with a liquid nitrogen cooled CCD detector ͑Princeton Instruments, Inc.͒. The spectral resolution of the analyzing monochromator with the 300 lines mm −1 grating was set to ϳ0.5 nm. Excitation spectra were recorded with an instrumental resolution of the primary monochromator ϳ0.3 nm by using a photomultiplier tube ͑Hamamatsu R6358P͒ installed in another arm of the analyzing monochromator. The crystal platelets with thickness ϳ1 mm were polished and mounted onto a copper sample holder attached to a cold finger of a flow-type liquid helium cryostat ͑Cryovac GmbH͒. Figure 2 shows the emission spectra at room temperature ͑a͒ and at 10 K ͑b͒, ͑c͒ of YAP: Nd 3+ excited at energies well below the host intrinsic absorption. All of the emission bands can be assigned to emission from the lowest crystal field levels of 2 G͑2͒ 9/2 ͑with the lowest energy level inferred to be at 46 718 cm −1 ͒ and 4 F 3/2 ͑located at 11 425 cm −1 ͒, which both have significant spacings to the next lower levels. The terminal multiplet terms are marked in Fig. 2͑b͒ , and the crystal field energy levels of the ground multiplet are marked in Fig. 2͑c͒ . It is interesting that the luminescence transitions from 2 G͑2͒ 9/2 which terminate upon 4 I J ͑2J = 9, 11, 13, 15͒ are very weak, as essentially found for Nd 3+ in YAG. The derived energy levels are compared with those from previous studies and from calculations in Table I . Some transitions are barely distinguished from the noise levels in the spectrum of Fig. 2͑b͒ and are listed in parentheses. In addition to the poor resolution, there is error in determining the terminal crystal field levels because two large numbers are being subtracted. For these reasons, the energy level fitting ͑discussed in Sec. IV C͒ did not employ additional energy levels derived from the present study except for 2 G͑2͒ 9/2 at 46 718 cm −1 . With those considerations taken into account, the agreement of the derived energy levels with previous studies and with the calculations of the present study as displayed in Table I is considered satisfactory. The only multiplet term crystal field levels which are located at rather different energies from calculation are some of the higher energy levels, notably levels 135-137 of 2 L 17/2 . Only one feature in Fig. 2͑b͒ then remains unassigned and corresponds to the starred band at 22 818 cm −1 . However, there is no evidence for luminescence from multiplet terms other than from 2 G͑2͒ 9/2 and 4 F 3/2 . The transitions from the latter multiplet term to the crystal field levels of the 4 I 9/2 ground state are shown in Fig. 2͑c͒ , with their derived energies marked. Comparison with the room temperature spectrum, Fig. 2͑a͒ , enables the energies of thermally populated luminescent crystal field levels to be experimentally located at 11 plets are in agreement with the calculations of Kaminskii et al. 14 The fine structure in the survey spectrum as presented in Fig. 3͑b͒ is not evident, but a detailed analysis in an enlarged scale provides an energy level dataset which is in agreement with the literature energy levels. 12 The excitation spectrum of the 2 P 3/2 → 4 I 11/2 emission at 473 nm was recorded in the range from 300 to 75 nm and is shown in Fig. 4 . The sharp peaks of the excitation spectrum in the range 185-285 nm feature the 4f 11 -4f 11 absorptions of Er 3+ . The strength of these absorptions can be calculated in the frame of Judd-Ofelt theory using the intensity parameters ⍀ 2 = 1.06, ⍀ 4 = 2.63, ⍀ 6 = 0.78 ͑units, 10 −20 cm 2 ͒ from Ref. 48 and the square modulus of the reduced matrix elements of U ͑k͒ ͑k =2, 4, 6͒ presented by Kaminskii et al. 14 These calculations show that those absorption bands from the ground multiplet term are all predominantly contributed by the ⍀ 4 parameter associated with U ͑4͒ and the calculated intensities shown in Fig. 4 are in reasonable agreement with the observed intensities.
B. 4f
N -4f N−1 5d excitation spectra of Nd 3+ and Er 3+ in YAP The higher energy excitation spectrum of YAP: Er 3+ is also depicted in Fig. 4 , whereas Fig. 5 shows the corresponding excitation spectrum of YAP: Nd 3+ . Both spectra show intense broad bands with onsets at wavelengths shorter than 200 nm. These features exhibit peaks at 186, ϳ159 nm for Nd 3+ and at 169, ϳ159 nm for Er 3+ . The excitation spectrum of YAP: Ce 3+ exhibits a peak at 154 nm ͑Ref. 3͒ or 163 nm ͑Ref. 49͒ which has been attributed to the excitonic absorption of YAP.
3 This is also in good agreement with the onset of self-trapped exciton luminescence excitation as reported by Lushchik et al. 6 Therefore the features at ϳ159 nm in the present study are also associated with the intrinsic excitonic transition. The excitation spectrum of the self-trapped exciton emission from a pure YAP crystal is shown by the circles in Fig. 5 40 To the best of our knowledge, there is no previous report on the f-d absorption spectrum of YAP: Er 3+ . Based on the data of f-d absorption spectra of several lanthanide ions in various hosts shown in Table II , we estimate that the spin-allowed f-d absorption band of Er 3+ in YAP would be at 7.4± 0.13 eV ͑59 500 cm −1 ; 168 nm͒ by a linear extrapolation. This value is close to that observed in Fig. 4 . In YAP, the 5d states of Ce 3+ split into five crystal field energy levels as a result of C s site symmetry. The splitting of the 5d crystal field levels shown in the 4f-5d absorption of YAP: Ce 3+ ͑Ref. 53͒ is 0, 1400, 3300, 8300, and 12 100 cm −1 , with the first three spectral peaks being very strong and the last two very weak. Van Pietersen et al. 52 have shown that 5d crystal field splittings of Er 3+ are roughly comparable to those of Ce 3+ in a variety of host lattices. Thus, assuming the first peak to be at 167 nm for YAP: Er 3+ , the other four f-d absorption bands would be at ϳ163, 158, 147, and 139 nm, with the last two very weak. Thus it is clear that most of the higher energy 5d bands in YAP: Er 3+ fall into the region of the stronger host absorption and will not be seen in the excitation spectrum.
Estimation of the first two 5d crystal field level splittings in YAP: Nd 3+ from the figure of the excited state absorption spectrum in Ref. 40 gives the values 1810 and 4100 cm −1 , which then infers the respective f-d transitions from the ground state to be at 180 and 173 nm, i.e., well below the host absorption. However, these higher-energy 4f-5d transitions are not resolved in Fig. 4 because of the complete absorption of exciting radiation by f-d transitions leading to the saturation of spectra.
The energies of the lowest 5d states of Er 3+ and Nd 3+ are therefore both below the intrinsic absorption edge of YAP. However, 5d-4f emission was not observed for Er 3+ or Nd 3+ in YAP, even using the technique of time-resolved measurements on the nanosecond timescale. Obviously, for Er 3+ , the excitation of 4f 10 5d levels leads to fast nonradiative relaxation to the lowest 5d ͑high-spin͒ level, which should be located somewhere below the edge of spin-allowed f-d absorption at ϳ55 000 cm −1 , taking into account the energy difference between high-and low-spin 5d levels of Er 3+ . 50 Then the lowest 5d level will relax to some f-electron levels almost resonantly. This explains why 5d-4f emission is not observed. In the case of YAP: Nd 3+ , the 5d absorption edge is about 52 000 cm −1 . The gap between this and the 2 G͑2͒ 7/2 multiplet of 4f 3 ͑48 120 cm −1 ͒ is Ͻ4000 cm −1 . However, the much stronger electron-phonon coupling between 5d levels and lattice vibrations can permit the nonradiative relaxation from the 5d levels to 2 G͑2͒ 7/2 ͑see, e.g., the configuration coordinate diagram for Nd 3+ in KYF 4 in Ref. 54͒, thus explaining why no 5d-4f emission is observed. The energy levels of the 4f N configuration of a lanthanide ion in a crystal can be analyzed with the following general crystal field Hamiltonian: ͓͑k , q͒ = ͑2,2͒ , ͑4,2͒ , ͑4,4͒ , ͑6,2͒ , ͑6,4͒ , ͑6,6͔͒ which each require two parameters. A given set of all the 15 real parameters for crystal field interaction and 20 real "atomic" parameters ͑in-cluding 1 for E avg ͒ for quasi-free-ion interaction completely specify the Hamiltonian given as a matrix under a routine choice of bases for a given 4f N configuration, and the diagonalization produces all the eigenvalues of the 4f N states. Since only the z axis can be solely specified for C s site symmetry, then a suitable rotation in the x-y plane can transform one complex B q k parameter to be real without changing the eigenvalues. Thus the number of independent real parameters for crystal field interaction is reduced to 14. The atomic parameters were further constrained in the fittings as described below.
IV. CRYSTAL FIELD ENERGY LEVEL FITTING OF Er
There is still the lack of an accurate ab initio method to calculate the 4f N energy levels of lanthanide ions in crystals down to the level of ϳ100 cm −1 for comparison with the measured values, so that the general practice is to assign the parameters in the Hamiltonian with reasonable estimated initial values and then to optimize iteratively by minimizing the following quantity:
where N cf is the number of measured crystal field energy levels. It is well known that the value of ␦ 2 depends on the number of parameters freely adjustable in the optimization. The free ion parameters mostly adjust the center of gravity of each multiplet whereas the crystal field parameters mostly govern the splitting of energy levels from the center of gravity of the corresponding multiplet. We denote the number of multiplets that the N cf energy levels cover by N cg ; the multiplet that the ith energy level belongs to by j͑i͒; the number of measured energy levels for multiplet j ͑j =1, ... ,N cg ͒ by g j ; and the difference between the measured and calculated center of gravity for multiplet j as ⌬E j fi . Then the ␦ 2 defined in Eq. ͑2͒ can be written by introducing tot , cf , and fi , as
͑8͒
Here tot , cf , and fi reflect the total residual error, the residual error related to crystal field splitting, and that related to center of gravity of multiplets, respectively. N cfp and N fip are the number of crystal field and free ion parameters, respectively. In general, the optimization of free ion parameters mostly reduces fi , with weak impact on cf through the wave functions of multiplets; whereas optimization of crystal field parameters mainly reduces cf , with weak impact on fi due to multiplet mixing and incompletely measured energy levels for a multiplet.
B. Theoretical results for YAP: Er

3+
In this optimization the initial values of free ion parameters were taken from those of Er 3+ in LaF 3 and then these were refined by a least squares optimization of calculated quasi-free-ion energy levels against the barycenter of the measured crystal field energy levels for each multiplet. Then the free ion parameters were used together with values of crystal field parameters taken from Ref. 43 to produce a list of calculated energy levels which was used to assign the measured crystal field energy levels. The assignment was done by two steps. In the first step, all the energy levels presented in Refs. 11 and 13 were employed, except those suspect ones with weak intensity and linewidth of more than 10 cm −1 , and those which cannot be uniquely assigned. Then the optimization of parameters was done to produce calculated energy levels for the second step of assignment, where those experimental energy levels left over from the first step were assigned to calculated energy levels wherever possible. The calculation was performed for the full basis space spanned by 4f 11 with corrected three-body matrix elements for 4f 11 instead of those for 4f 3 used previously in many historical calculations. This has some apparent effects on the optimized values of free ion parameters. The missed few lines in the data file for the matrix elements of m j ͑j =0,2,4͒ and p k ͑k =2,4,6͒ in many of the previous calculations are included in our calculations. The optimization was done first for free-ion parameters and then for crystal field parameters and then all parameters were allowed to vary, except those without well-defined values ͑i.e., those in Table III enclosed by square brackets͒, which were fixed in the last step of optimization. The final parameters and other related quantities for Er 3+ are given in the left part of Table  III . To check the sensitivity to the initial values, we have also performed the fitting using the values provided by O'Hare and Donlan. 56 A set of parameter values within the uncertainties given in Table III was obtained. Note that the imaginary part of B 4 6 was constrained to zero because of its great uncertainty. Thus, altogether 15 free ion parameters and 13 crystal field parameters were employed in the fitting as variable parameters. The calculated energies of all crystal field levels of the 4f 11 configuration are listed in Table IV together with the corresponding 100 measured energy levels.
Some detailed comments are provided here. It is noted that the suspected broad peaks located at 27 683, 27 775, 28 044, 28 077, and 33 375 cm −1 do not fit with the calculated energy levels and were not included in the optimization. The measured level 22 636 cm −1 is taken from Ref. 10 and is corrected for the temperature shift. The first four of the excluded peaks are very near to the calculated energy levels 27 663, 27 764, 28 084 cm −1 , which correspond to the measured levels at 26 670, 27 760, and 28 065 cm −1 . The calculated energy of the level nearest to the very weak and broad 56 , probably due to some minor differences in free ion operators͒. As expected, the value of cf was significantly reduced when only those low multiplets were included in our fitting. The residual error due to the difference between calculated and measured barycenters of multiplets can be gauged by the value fi = 24.0 cm −1 , which is much larger than cf .
C. Theoretical results for YAP: Nd
3+
The experimental energy levels have been given by up to 2 P 1/2 by Weber and Varitimos 35 and additional energy levels are available in Refs. 13, 37, and 40. As mentioned above, the energy level at 16 849 cm −1 assigned in Ref. 35 corresponds to an absorption hot hand. Our emission spectra have been assigned to the lowest energy level of 2 G͑2͒ 9/2 located at 46 718 cm −1 . The only differences between our calculation and the one presented by Rukmini et al. 45 are that three more energy levels are included in the fitting and a few missed lines in the m j ͑j =0,2,4͒ and p k ͑k =2,4,6͒ operators are included in the program. These changes have only very minor effects upon the parameter values so we started with the parameter values presented previously 15 and followed the same procedure as in YAP: Er 3+ . It is interesting that in the process of calculation the imaginary part of parameter B 4 6 was not well defined in Nd 3+ , similar to the case of Er 3+ . We also set it to be zero without affecting the residual error. It is well known that in general the set of parameter values correspond to a local minimum rather than to the global minimum of the residual error. Thus, after obtaining a local minimum we allowed some of those parameters with big uncertainties or small absolute values to change sign to test the stability of the parameter values. A few sets of similar parameter values were obtained with almost identical residual errors. means that the barycenters of multiplets are much better described by the resulting free ion parameters. This is also reflected in the much smaller uncertainty in the relevant free ion parameters for Nd 3+ presented in Table III . The residual error due to crystal field splitting presented here is similar to that in the calculation without using correlation crystal field parameters presented by Rukmini et al. 45 It is well known that the residual errors can be further reduce by including correlation crystal-field interactions, 45 but their selection is rather arbitrary and is not attempted in this work.
V. CONCLUSIONS
The VUV excited emission and excitation spectra have been investigated for the systems YAP: Nd 3+ and YAP: Er 3+ . In each case, ultraviolet luminescence is observed from an f-electron multiplet term that is well-separated from its nextlowest neighbor: from 2 The VUV spectra of Er 3+ have been studied in a variety of hosts ͑for example, Refs. 51 and 60-64͒ and both spin- 3+ , which follow the general trend that the crystal-field strength decreases as the number of electrons in the f shell increases due to the contraction of f orbitals.
